Abstract
climate system. For example, to what extent did the Antarctic pattern impinge on the Southern
48
Hemisphere's mid-latitudes (Newnham et al., 2012; Pedro et al., 2016) Antarctic influences (De Deckker et al., 2012; Putnam et al., 2012 Putnam et al., , 2013a . Variations in present-63 day glacier mass balance in the Southern Alps are largely attributed to changes in air can be linked primarily to changes in air temperature (Oerlemans, 1997 (Oerlemans, , 2005 Anderson and 68 Mackintosh, 2006; Anderson et al., 2010; Purdie et al., 2011; Golledge et al., 2012) . This 69 provides a basis for inferring that glacial landforms in the Southern Alps (Fig. 2 ) document times of greater-than-present ice extent that resulted primarily from atmospheric temperatures that 71 were colder than present.
72
The Rakaia valley glacial landforms record progressive ice recession during the last 73 glacial termination (Fig. 3) (Burrows and Russell, 1975; Shulmeister et al., 2010; Barrell, 2011; 74 Barrell et al., 2011; Putnam et al., 2013b) . A notable feature is that the lower reaches of the
75
Rakaia valley occupy a tectonic depression, rather than being of purely ice-hewn origin (Barrell 76 et al., 2011) . Consequently, there is not a well-defined glacial trough. In addition, numerous, 77 glacially-sculpted bedrock hills and spurs project from the valley floor and walls. transported boulders on both the ice-sculpted rock surfaces and the morainic deposits afford 79 opportunities for palaeoclimatic investigation (Putnam et al., 2013b) . Using mapped glacial builds upon the chronology of Putnam et al. (2013b) , which shows the details of ice retreat 84 during the first part of the last glacial termination in the Rakaia valley from ~18,000 to ~15,000 85 years ago. On the basis of our mapping, surface-exposure dating, and climate reconstruction, we 86 discuss the climate events of the last glacial termination in the Southern Alps. 
Geology and geomorphology of the upper Rakaia valley

88
The Rakaia valley drains a portion of the southeast side of the main hydrographic divide
89
(Main Divide) of the Southern Alps. During the Last Glacial Maximum (LGM) the former 90 valley from Reischek knob downstream (Putnam et al., 2013b) . That study examined two 116 landform features on Reischek knob, outboard of the prominent moraine ridges on the knob.
117
Those landform features were given informal names and comprise till-veneered bedrock
118
(Reischek knob I), and meltwater channels incised into, and therefore younger than, the till-119 veneered bedrock landform (Reischek knob II). The meltwater channels emanate from the 120 outermost part of the moraine ridge complex. The study area adjoins that of Putnam et al. 121 (2013b) and the oldest landforms addressed in our study are in the moraine ridge complex on
122
Reischek knob. Within the moraine ridge complex, we focused on two prominent moraine 123 ridges, the outer (higher) identified here as Reischek III, and the inner (lower) as Reischek IV.
124
The moraines on Meins Knob follow the long axis of this bedrock spur, which is nearly along the western slope of the spur, and lies ~200 m up-valley from, and ~100 m lower than, the impact on the exposure ages (see Table 2 ).
164
We made no corrections for snow cover or for erosion of boulder surfaces. boulder to another. Another is that at the production-rate calibration site no erosion correction 176 was applied, and so the effects, if any, of erosion are integrated within the production rate.
177
Finally, the effect on the calculated ages of an erosion correction would in any case be minimal.
178
Another consideration is the question of pre-exposure, which may result in inherited 10 that are interpolated from 30 years of automatic weather station records (Tait et al., 2006) .
207
The glacier model calculates surface energy balance across the model domain using the
208
DEM topography and an estimate of solar position at 13,000 yrs ago to determine radiative 209 fluxes. Ice flow is calculated using the shallow ice approximation and is by deformation only.
210
The choice of ice flow parameters follows that used in previous studies of the Rakaia glacier 211 (Putnam et al., 2013b; Rowan et al., 2013) and was designed to give the best fit of the simulated 212 ice thickness to mapped terminal and lateral moraines in the Rakaia and Ashburton catchments.
213
Following initial simulations for a given change in temperature, modeled glaciers were added to give an arithmetic mean age of 12,140 ± 200 yrs (12,140 ± 320 yrs including PR uncertainty).
237
Exposure ages of five boulders embedded in the Meins Knob II moraine range from 11,440 ± 238 280 to 11,770 ± 270 yrs and afford an arithmetic mean age of 11,620 ± 160 yrs (11,620 ± 290 yrs 239 including PR uncertainty).
240
Topographic profiling of moraines ( upper Rakaia valley between 13,140 ± 250 and 11,620 ± 160 yrs ago can be accounted for by a 263 mean annual air temperature increase of ~1 °C (Fig. 7) . 
Discussion
265
The glacial geomorphologic record of Rakaia valley reveals a pattern of glacier 266 withdrawal through the last glacial termination in New Zealand (Fig. 8) . Extensive recession 267 occurred during HS 1 (~17,800 -~14,700 yrs ago, Putnam et al., 2013b Lake Tekapo catchment ("MM" in Fig. 2 ) date from ~13,300 yrs ago (Putnam et al., 2010b) . In 277 the Lake Pukaki catchment, the Pukaki glacier formed the Birch Hill moraines in two episodes at 278 ~14,100 and ~13,000 yrs ago (Putnam et al., 2010b ; "BH" in Fig. 2 ). In the Ben Ohau Range, a and ~13,000 years ago.
290
The subsequent HS 0 warming of ~1.0 °C in the Rakaia valley was only a quarter of the 291 amount that occurred during HS 1 (Putnam et al., 2013b et al., 2004 , 2007 Kaiser et al., 2005 warming during HS 1, a plateau in overall warming during the ACR with episodes of late-glacial 320 moraine formation, followed by progressive slight rise in temperature through HS 0 (Fig. 8) . Chironomid and pollen evidence for climate fluctuations during the Last Glacial
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Termination in NW Patagonia. Quaternary Science Reviews 28, 517-525.
505
Menounos, B., Clague, J.J., Osborn, G., Davis, P.T., Ponce, F., Goehring, B., Maurer, M., -11-09, 11, 13, 14, and16, Putnam et al., 2013b) e -Blank number (left column in Table 3 ) of the respective procedural blank(s) used to correct each sample for background 10 Be. Where two blank numbers appear the average of these was used to make the background correction.
c -9 Be+3 measured after the accelerator. Reported currents are those measured during the first run of each sample. In parentheses is the ratio, given in percent, of each sample current compared with the average of all first-run AMS standard currents measured during the same CAMS session as the sample . 
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